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Abstract: Accurate evaluation of metastatic lymph nodes (LNs) is indispensable for 
adequate treatment of colorectal cancer (CRC) patients. Here, we demonstrate detection 
of metastases of human CRC in removed fresh LNs using 5 -aminolevulinic acid 
(ALA)-induced protoporphyrin IX (PpIX) fluorescence. A spectral unmixing method was 
employed to reduce the overlap of collagen autofluorescence on PpIX fluorescence. A total 
of 17 surgery patients with advanced CRC were included in this study. After 5-ALA at a 



Int. J. Mol. Sci. 2013, 14 



23141 



dose of 15 mg/kg of body weight was applied orally 2 h prior to surgery, 87 LNs were 
subjected to spectral fluorescence imaging and histopathological diagnosis, and statistical 
analysis was performed. No apparent side effect was observed to be associated with 5 -ALA 
administration. The spectral unmixing fluorescence intensity of PpIX in metastatic LNs 
was 10.2-fold greater than that in nonmetastaic LNs. The receiver-operating-characteristic 
(ROC) analysis showed that the area under the curve (AUC) was calculated as 0.95. Our 
results show the potential of 5-ALA-induced PpIX fluorescence processed by spectral 
unmixing for detecting metastases in excised fresh LNs from patients with CRC, 
suggesting that this rapid and feasible method is applicable to gross evaluation of resected 
LN samples in pathology laboratories. 

Keywords: colorectal cancer; 5 -aminolevulinic acid; lymph node metastasis; spectral 
unmixing; protoporphyrin IX 



1. Introduction 

Colorectal cancer (CRC) is the second most common cause of cancer mortality and the most 
frequent cancer in many countries. It is considered to be a disease associated with the Western 
lifestyle [1]. Lymph node (LN) metastasis is a feature associated with advanced CRC [2,3]. There is 
mounting evidence from large population-based studies that the number of LNs examined by 
pathologists has a significant impact on survival in CRC. Accurate diagnosis of surgically-excised LNs 
is necessary for evaluating patient prognoses and treating patients with adjuvant chemotherapy [4-8]. 

Among detection methods for LN metastases, histopathological analysis of LNs is regarded as a 
gold standard. However, routine histopathological analysis of LNs has been shown to have a limited 
sensitivity for the detection of CRC metastases [9-12]; in general, only a few hematoxylin-eosin 
(H & E)-stain slides from the excised LNs are analyzed without macroscopic identification in a routine 
work. It is reported that there is a significant risk of underestimating nodal metastasis in the routine 
pathological examinations [13,14]. Therefore, a new method for detecting metastatic foci of removed 
LNs is desirable. 

Fluorescence diagnosis using 5 -aminolevulinic acid (5-ALA) has been used to detect the extent of 
primary tumors such as brain and urinary bladder tumors. Fluorescence of protoporphyrin IX (PpIX) 
accumulated after 5-ALA administration can be used for selective detection of primary epithelial 
malignant tumors [15-17]. In noncancerous cells, fluorescent PpIX is rapidly metabolized to 
nonfluorescent heme. In contrast, PpIX emitting a red fluorescence around 635 nm on blue light 
excitation selectively accumulates in cancer cells due to a decreased activity of ferrochelatase and/or 
an increased activity of porphobilinogen deaminase [18-20]. 

We have previously reported that 5-ALA is a sensitive probe for detection of LN metastasis in a 
murine model of rectal cancer and that its diagnostic accuracy was high [21]. We have shown that this 
feasible diagnostic approach is applicable to gross identification of metastases of resected fresh node 
samples of mice. However, as far as we know, there has been no report on whether 5-ALA 
administration is also effective in detecting LN metastases in human CRCs. In this study, we sought to 
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evaluate the potential of oral administration of 5 -ALA for detection of metastatic foci in excised 
regional LNs of CRC patients. We have also previously revealed that PpIX fluorescence emitted from 
cancer cells is sometimes covered by strong collagen autofluorescence, resulting in false negative 
result, in LNs of gastric cancer patients [22]. Therefore, it is important to exclude the unfavorable 
influence of collagen autofluorescence in tissues to specifically detect PpIX. To avoid this phenomenon, 
we analyzed acquired fluorescence images by using a spectral unmixing method in this study [23]. The 
method is reported to be useful for resolving crosstalk in a multispectral fluorescence image, and has a 
potential to contribute to specific detection of PpIX fluorescence. The results showed that PpIX 
fluorescence signal processed by the spectral unmixing method was effective for detecting CRC 
metastases in excised fresh human LNs. 

2. Results 

2.1. Separation of Overlapping Fluorescence Signals Using Spectral Unmixing 

A preliminary experiment was performed in order to evaluate the spectral unmixing method 
employed in this study. Figure la shows fluorescence spectra of PpIX solution and collagen type I 
powder acquired by using the system. The fluorescence spectra of PpIX and collagen had characteristic 
peaks around 640 nm and 520 nm wavelengths, respectively. After acquisition of fluorescence 
spectroscopic images of PpIX solution and collagen powder from 480 to 700 nm in 20-nm steps using 
the system, spectral unmixed images of PpIX (Figure lb) and collagen (Figure lc) were created. The 
spectral unmixed images were created based on the reference spectra shown in Figure la. Fluorescence 
spectroscopic images of PpIX solution (left side in each panel of Figure Id) and collagen powder 
(right side in each panel of Figure Id) acquired from 600 to 700 nm in 20-nm steps are depicted for 
reference. PpIX solution mainly emitted fluorescence at the range from 620 nm to 680 nm and had 
highest signal intensity on the fluorescence image at 640 nm (Figure Id). Collagen powder also 
strongly emitted fluorescence at the range from 600 nm to 680 nm. Thus, collagen fluorescence 
overlapped PpIX fluorescence as evaluated by using band-pass filtering. However, the fluorescence 
signal of PpIX was specifically separated from that of the collagen in the unmixed images, as shown in 
Figure lb,c. 

2.2. Enrolled Patients and LNs 

Seventeen patients with CRC undergoing surgery with a total of 106 excised LNs were enrolled in 
this study. The average duration time of the surgeries was 4.05 ± 1.03 h. The average time between 
oral dose of 5-ALA and fluorescence imaging was 6.18 ± 1.03 h. Data from 19 LNs from three patients 
were eliminated because of the time limitation. In the eliminated three patients, the times between 
5-ALA administration and completion of surgery were 4, 12.5 and 4 h, respectively. 

After elimination of these data, the final study population consisted of nine men and five women 
with age ranges of 46 to 72 years and 61 to 83 years, respectively (Table 1). Of the 87 LNs, 32 were 
diagnosed as metastatic LNs, and 55 as non-metastatic LNs. No apparent side effect was observed in 
this study. 
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Figure 1. Spectra and spectroscopic images of protoporphyrin IX (PpIX) and collagen as 
references for spectral unmixing. Emission profiles of PpIX dissolved in dimethyl 
sulfoxide (DMSO) and of collagen powder (a) analyzed by the system; Acquired images of 
PpIX (b) and collagen (c) after spectral unmixing based on the reference spectra shown in 
(a); (d) Multispectral fluorescence images of PpIX (left side in each panel of (d)) and 
collagen (right side in each panel of (d)) acquired from 600 to 700 nm in 20-nm steps. 
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Table 1. Clinicopathological characteristics of enrolled patients and examined lymph nodes. 



Case Age 
number (years) 



Histological Tumor Tumor Nodal Number of 

Sex Stage 

grade location depth (T) status (N) examined nodes 



1 


81 


Female 


Diff. 


A 


T4a 


N2b 


IIIC 


3 


2 


75 


Female 


Diff. 


A 


T3 


Nla 


IIIB 
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3 


74 


Female 


Diff. 


S 


T4a 


NO 


IIB 


4 


4 


70 


Male 


Diff. 


S 


T2 


NO 


I 


4 


5 


65 


Male 


Diff. 


A 


T3 


Nib 


IIIB 
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63 


Male 


Diff. 
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T3 


NO 


IIA 
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67 


Male 


Diff. 


D 


T4a 


Nib 


IIIB 


5 
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69 


Male 


Diff. 


S 


T2 


NO 


I 


7 


9 


66 


Male 


Diff. 


R 


T3 


Nla 


IIIB 
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10 


46 


Male 


Diff. 
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T3 


N2b 


IIIC 
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11 


72 


Male 


Diff. 
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T3 


NO 


IIA 
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12 


61 


Female 


Diff. 
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T3 


N2a 


IIIB 
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13 


83 


Female 


Undiff. 
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T4a 


Nib 


IIIB 


12 


14 


56 


Male 


Diff. 
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T3 


N2b 


IIIC 


9 



Abbreviations: Diff., Differentiated; Undiff., Undifferentiated; A, Ascending colon; C, Cecum; R, Rectum; 
D, Descending colon; S, Sigmoid colon; Classified according to the 7th edition of UICC TNM classification for CRC. 



2.3. Imaging of Excised LNs in CRC Patients 

All of the images were acquired by the first author. The representative images of a non-metastatic 
(Figure 2a-d) and a metastatic (Figure 2e-h) LNs cut in half are shown. Non-metastatic LN showed no 
apparent spectral unmixing PpIX fluorescence (Figure 2b). In contrast, spectral unmixed fluorescence 
signal of PpIX was clearly observed in metastatic lesions, as shown in Figure 2f. 
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Figure 2. Imaging of a metastatic and a non-metastatic lymph node (LN) by using spectral 
unmixing. Images of a non-metastatic LN (a-d) and a metastatic LN (e-h) cut in half are 
shown; (a,e) White-light images; (b,f) Spectral unmixed fluorescent signal of PpIX; 
(c,g) Spectral unmixed fluorescent signal of collagen; (d,h) H & E-stained images. 
Red arrows indicate metastatic lesions. Scale bar = 5 mm. 
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2.4. Diagnostic Performance of 5-ALA-Induced PpIX by Using the Spectral Unmixing Method 

Figure 3 shows a scatter plot of the PpIX signal intensities acquired by spectral unmixing 
for metastatic and non-metastatic LNs. The mean PpLX signal intensity for metastatic LNs 
(1817 ± 1309 arb. units) was significantly increased compared with that for non-metastatic LNs 
(178 ± 168 arb. units) (unpaired Student's t test,/? < 0.0001) 

Figure 3. Scatter-plot for PpIX fluorescence intensities of metastatic and non-metastatic 
LNs. The signal intensities for the unmixed images of PpIX of LNs are plotted along the 
ordinate in each case. Closed diamonds denote metastatic LNs, opened circles denote 
non-metastatic LNs. 
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To evaluate the efficacy of the diagnostic methods based on fluorescence intensity calculated by 
using the spectral unmixing, ROC curve analysis was performed (Figure 4). Fluorescence diagnosis of 



Int. J. Mol. Sci. 2013, 14 



23145 



metastatic LNs was made on the basis of the fluorescence signal intensities. The ROC curve based on 
the PpIX fluorescence intensities analyzed by using the spectral bandpass at 640 nm is also shown to 
clarify the advantage of the spectral unmixing method in the LN examination. The sensitivity and the 
specificity, and the accuracy of the spectral unmixing method were 88.3%, 92.0%, and 87.4%, 
respectively. All values were acquired by calculation based on short distance from upper-left corner on 
the graph to each ROC curve as common optimal cut-off values. The measured values for the AUC of 
the spectral unmixing method and the spectral bandpass at 640 nm were 0.95 and 0.90, respectively 
(p = 0.009). 

Figure 4. Fitted receiver-operating-characteristic (ROC) Curves. A ROC curve based on 
the PpIX fluorescence intensities analyzed by the spectral unmixing method is shown as a 
bold line. A ROC curve based on the PpIX fluorescence intensities analyzed by the 
spectral bandpass at the 640 nm is also depicted for comparison (dotted line). 
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3. Discussion 

In this study, we demonstrated that 5-ALA-induced PpIX fluorescence signal processed by using 
the spectral unmixing method is useful for the detection of CRC metastases in excised fresh human 
LNs. Application of this method may lead to intraoperative ultrarapid diagnosis of lymph node 
metastasis without preparation of histological sections. As far as we know, this is the first report on the 
application of 5-ALA-induced PpIX fluorescence to detect metastatic LNs in human CRCs. 

A number of targeting fluorescent probes designed to visualize cancers have recently been 
developed [24-26]. Although many of them are valuable for identification of tumor cells in 
experimental animals, there are few probes applicable to a clinical setting now. 5-ALA-induced PpIX 
fluorescence has been shown to efficiently target human neoplasms, especially in the fields of urology 
and neurosurgery. Most recently, we have also shown the efficacy of 5-ALA-induced fluorescence in 
detecting metastatic gastric cancer in excised regional LNs by using color CCD camera [22]. 
Moreover, previous studies have indicated that 5-ALA can be administered in patients without serious 
side effect [15-18,27]. It is reported that the half-life of 5-ALA in the human body is approximately 
45 min [28]. Indeed, 5-ALA was safely and tolerably applied to CRC patients with no apparent 
adverse reactions in this study. 
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Precise detection of PpIX fluorescence signals from metastatic cancer cells in human LNs was 
sometimes difficult because of spectral overlapping with strong autofluorescence emitted from 
collagenous tissues [23,29-32], unlike those emitted from paraaortic LNs of an orthotopic mouse 
model of human rectal cancer which we had previously studied [21]. The combination of optical 
bandpass filters and/or longpass filters has been used to remove such potentially interfering 
autofluorescence [21,22,33,34]. In this study, to specifically acquire PpIX fluorescence in metastatic 
LNs, we adopted the spectral unmixing method. As shown in Figures 2 and 4, PpIX fluorescence in 
LNs covered by tissue autofluorescence from collagen was successfully extracted, resulting in better 
performance in diagnosis of metastatic foci of LNs in CRC patients. In this study, the fluorescence 
intensity of PpIX was not apparently influenced by LN size and there was no influence of perinodal 
soft tissue on the PpIX fluorescence results. This is probably because we acquired cut-surface images 
of the LNs. 

Recently, some genetic molecular techniques such as reverse transcription polymerase chain 
reaction have enabled diagnosis in clinical settings [35]. Such methods provide a very useful detection 
method of LN metastasis in cancer patients [36,37]. However, it is reported that LN samples excised at 
surgery were dissolved and lost during the procedure, making it impossible to perform subsequent 
analyses. On the other hand, observed specimens are preserved as is in our procedure, and PpIX 
fluorescence enables us to macroscopically identify metastasis in removed fresh LNs. Combination of 
the PpIX fluorescence gross imaging and the histological examination is one possible application for 
accurate diagnosis of LN metastases. 

There are limitations in this study. Firstly, there were cases observed where the lymphoid follicles 
in excised LNs had non-specific PpIX fluorescence. This result was consistent with our previous data 
on regional LNs of gastric cancer patients [22]. In this study, we did not take into account the 
characteristic follicular fluorescence pattern for the evaluation of diagnostic performance of this 
method. With addition of the consideration of fluorescence patterns, the diagnostic performance of this 
method has potential for improvement. As we discussed in our previous report, the main reason for 
nonspecific deposition of PpIX is speculated to be due to inflammatory change [22]. Although the 
precise molecular mechanism of the nonspecific PpIX deposition has not been clearly determined, one 
possible reason for the increased PpIX deposition is relative deficiency of intracellular iron. In 
lymphoid follicles, administration of 5 -ALA induces intracellular competition for available iron 
between processes of cell division and heme synthesis, resulting in PpIX deposition [38,39]. Through 
further analysis, we may be able to decrease the nonspecific PpIX deposition. Secondly, PpIX 
fluorescence of metastases less than 200 um was too weak to detect under our system. Some recent 
studies have shown the prognostic significance of isolated tumor cells less than 200 um in diameter in 
LNs of patients with stages I and II CRC [40,41]. In the present study, a LN indicated by a red 
diamond at the lowest position for case number 5 was not detected (Figure 3), because the cancerous 
focus was a metastasis of less than 200 um. More sensitive imaging systems with improvement of light 
source would make it possible to increase the sensitivity. Thirdly, this study includes a relatively small 
number of cases. In our study, we confined to the cases in which tumor resection was completed 5-9 h 
after administration of 5 -ALA, and no influence of operative time on the fluorescence signal intensity 
was apparent. However, large-scale study is needed to determine the ideal time between administration 
of 5-ALA and fluorescence imaging in the future. Furthermore, as there was only one case of 
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undifferentiated colon cancer observed in our study, we could not examine the difference of PpIX 
fluorescence intensity between undifferentiated and differentiated colon cancers. As the incidence of 
undifferentiated colon cancer is generally lower than that of differentiated colon cancer [42], future 
large-scale study to analyze the relationship between PpIX fluorescence intensity and tumor grade is 
also necessary. 

4. Methods 

4.1. Patients 

The single arm trial was performed at University Hospital, Kyoto Prefectural University of 
Medicine, between June 2009 and February 2011. The study protocol conformed to the ethical 
guidelines of the Declaration of Helsinki. All patients or their relatives provided written informed 
consent, and the Ethics Committee of Kyoto Prefectural University of Medicine approved all aspects 
of the study (C-403, C-671). The criteria for eligibility were preoperative histologically proven CRC 
that penetrates the muscle layer or invades the subserosa or pericolorectal connective tissue without 
visceral peritoneal coat (TNM classification by the International Union Against Cancer, >T2). Patients 
with the following clinical findings were excluded: acute porphyria, elevated liver enzymes, renal or 
hepatic insufficiency, intake of hypericin-containing medication, histamine H2 receptor antagonist or 
proton pump inhibitor, performance status (the Eastern Cooperative Oncology Group (ECOG) 
performance status, <2), pregnancy, and intestinal obstruction. 

4.2. 5-ALA Administration 

5 -ALA hydrochloride (COSMO BIO Co., Ltd., Tokyo, Japan) dissolved in 20 mL of 50% glucose 
was applied orally at a concentration of 15 mg/kg of body weight at 2 h before surgery. Patients were 
protected from direct sunlight for 24 h after administration of 5-ALA. Fluorescence study was 
confined to the cases in which tumor resection was completed 5-9 h after administration of 5-ALA, 
and data from patients in whom resection was not completed 5-9 h after administration of 5-ALA 
were eliminated. 

4.3. Tissue Processing 

Immediately after LNs were operatively resected en bloc with primary tumors, LNs were isolated 
from the resected tissues and protected from light in sealed boxes. The LNs were then cut in half using 
stainless steel microtome blades. The cross-sectional fluorescence and white-light images of the 
half-cut LNs were obtained by using a macrozoom microscope. After the observations, the specimens 
were additionally stained with H & E and histopathologically diagnosed by pathologists without 
knowledge of the results of the fluorescence examinations. 

4.4. Acquisition of Fluorescence Images and Reference Spectra for Spectral Unmixing 

The system used for spectral unmixing was composed of a macrozoom fluorescence microscope 
(MVX10; Olympus, Tokyo, Japan) equipped with a monochrome charge coupled device (CCD) 
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camera (ORCA-ER; Hamamatsu Photonics, Hamamatsu, Japan). Fluorescence mirror unit (U-MNV2; 
Olympus, Tokyo, Japan) combined with an excitation bandpass filter (BP400-410; Olympus, Tokyo, 
Japan), a barrier filter with cutoff of 455 nm (BA455; Olympus, Tokyo, Japan) and a dichroic mirror 
(DM455; Olympus, Tokyo, Japan) was attached to this fluorescence microscope. A mercury lamp was 
used for fluorescence excitation (USH1030; Olympus, Tokyo, Japan). Series of spectroscopic images 
were sequentially acquired by using a tunable filter (Varispec, CRi, Woburn, MA, USA) from 480 nm 
to 700 nm in 20-nm steps. Reference fluorescence spectra of 0.07 uM PpIX (Sigma-Aldrich, St. Louis, 
MO, USA) dissolved in dimethyl sulfoxide (DMSO) and collagen powder from bovine Achilles 
tendon, type I (Sigma-Aldrich, St. Louis, MO, USA) were also acquired by using the system. The 
maximum value of fluorescence intensity in the unmixed images of PpIX of LNs and that in the 
spectral bandpass images at 640 nm of LNs were used for the assessment of PpIX fluorescence in the 
specimens (Figures 3 and 4). White light images were also taken by using a color CCD digital camera 
(DP71; Olympus, Tokyo, Japan) for shape delineation. 

4.5. Spectral Unmixing 

Spectral unmixing is a method of resolving crosstalks among emission spectra from several 
materials. The method assumes that the signal intensity of each pixel in an acquired image can be 
expressed by linear combination of emission spectra from several materials that have known 
spectra [43]. The following algorithm of the variables for the explanation of the spectral unmixing 
methods is used: A three-dimensional data set of tissues with dimension N x x N y x Nx is collected with 
the macrozoom fluorescence microscope and the tunable filter, where N x and N y denote the number of 
pixels in the x and y directions and Nx denotes the data points of the fluorescence spectrum. The 
three-dimensional data set is reshaped to be a two-dimensional matrix of dimension N x N y x N\ to apply 
spectrum unmixing algorithm. We assumed that the two-dimensional data set X can be explained with 
the product of the concentration data set C of N x N y x p and the user-defined spectral data set S of 
p x Nx including the fluorescence spectrum of PpIX, where p as the number of user-defined spectra for 
the spectral unmixing, 

X = CS (1) 
The concentration matrix can be calculated as follows, 

C = XS'(SS')~ 1 (2) 

The calculated concentration matrix composes the unmixed concentration map of PpIX, and thus 
we can precisely estimate the spatial distribution of PpIX without background contributions. 

In this paper, fluorescence spectra of pure chemicals of PpIX and collagen type I were used as the 
user-defined spectra for spectral unmixing. The distribution of PpIX in LNs was estimated by plotting 
the score of the pure chemical of PpIX in the calculated concentration matrix. 

4.6. Statistical Analysis 

Statistical analysis was performed with commercial software (Microsoft Excel; Microsoft Corp., 
Redmond, WA, USA). Unpaired Student's t test was used to assess the difference of the fluorescence 
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intensity between metastatic and nonmetastatic LNs. Receiver-operating-characteristic (ROC) curves 
for the imaging method were generated by ROCKIT (version 0.9(3) and ROCPLOT (version 1.0) 
software [44]. The area under the curve (AUC) was used as an index in evaluating the inherent 
capacity of a method to discriminate between "positive" and "negative" LNs. 

5. Conclusions 

This study showed that fluorescence diagnosis with 5 -ALA is effective for detection of CRC 
metastases in excised fresh human LNs, suggesting a novel clinical approach to evaluate staging 
classification of human CRC. Although further improvements based on larger population studies are 
needed, this rapid and feasible method may be applicable to gross evaluation of resected LN samples 
in pathology laboratories. 

Acknowledgments 

This work was partly supported by a project of the Japan Science and Technology Agency (JST), 
City, Japan. 

Conflicts of Interest 

The following authors declare conflict of interest relevant to this publication: Yoshinori Harada: 
Ushio Incorporated; Eigo Otsuji: SBI ALApromo Company Limited; Tetsuro Takamatsu: Ushio 
Incorporated. The other authors declare no conflict of interest. 

References 

1. Herszenyi, L.; Tulassay, Z. Epidemiology of gastrointestinal and liver tumors. Eur. Rev. Med. 
Pharmacol. Sci. 2010, 14, 249-258. 

2. Nicholl, M.; Bilchik, A.J. Is routine use of sentinel node biopsy justified in colon cancer? 
Ann. Surg. Oncol. 2008, 15, 1-3. 

3. Cohen, A.M.; Kelsen, D.; Saltz, L.; Minsky, B.D.; Nelson, H.; Farouk, R.; Gunderson, L.L.; 
Michelassi, F.; Arenas, R.B.; Schilsky, R.L.; et al. Adjuvant therapy for colorectal cancer. 
Curr. Probl. Surg. 1997, 34, 601-676. 

4. Sigurdson, E.R. Lymph node dissection: Is it diagnostic or therapeutic? J. Clin. Oncol. 2003, 21, 
965-967. 

5. Chang, G.J.; Rodriguez-Bigas, M.A.; Skibber, J.M.; Moyer, VA. Lymph node evaluation and 
survival after curative resection of colon cancer: Systematic review. J. Natl. Cancer Inst. 2007, 
99, 433-441. 

6. Baxter, N.N.; Virnig, D.J.; Rothenberger, DA.; Morris, A.M.; Jessurun, J.; Virnig, BA. 
Lymph node evaluation in colorectal cancer patients: A population-based study. J. Natl. Cancer 
Inst. 2005, 97, 219-225. 

7. Iddings, D.; Ahmad, A.; Elashoff, D.; Bilchik, A. The prognostic effect of micrometastases 
in previously staged lymph node negative (NO) colorectal carcinoma: A meta-analysis. 
Ann. Surg. Oncol. 2006, 13, 1386-1392. 



Int. J. Mol. Sci. 2013, 14 



23150 



8. Le Voyer, T.E.; Sigurdson, E.R.; Hanlon, A.L.; Mayer, R.J.; Macdonald, J.S.; Catalano, P. J.; 
Haller, D.G. Colon cancer survival is associated with increasing number of lymph nodes 
analyzed: A secondary survey of intergroup trial INT-0089. J. Clin. Oncol. 2003, 21, 2912-2919. 

9. Fisher, E.R.; Swamidoss, S.; Lee, C.H.; Rockette, H.; Redmond, C; Fisher, B. 
Detection and significance of occult axillary node metastases in patients with invasive breast 
cancer. Cancer 1978, 42, 2025-2031. 

10. Cochran, A.J.; Wen, D.R.; Morton, D.L. Occult tumor cells in the lymph nodes of patients with 
pathological stage I malignant melanoma. An immunohistological study. Am. J. Surg. Pathol. 
1988, 72,612-618. 

11. Trojani, M.; de Mascarel, I.; Coindre, J.M.; Bonichon, F. Micrometastases to axillary lymph 
nodes from invasive lobular carcinoma of breast: Detection by immunohistochemistry and 
prognostic significance. Br. J. Cancer 1987, 56, 838-839. 

12. Redding, W.H.; Coombes, R.C.; Monaghan, P.; Clink, H.M.; Irnrie, S.F.; Dearnaley, D.P.; 
Ormerod, M.G.; Sloane, J.P.; Gazet, J.C.; Powles, T.J.; et al. Detection of micrometastases in 
patients with primary breast cancer. Lancet 1983, 2, 1271-1274. 

13. Ghossein, R.A.; Rosai, J. Polymerase chain reaction in the detection of micrometastases and 
circulating tumor cells. Cancer 1996, 78, 10-16. 

14. Wang, X.; Heller, R.; vanVoorhis, N.; Cruse, C.W.; Glass, F.; Fenske, N.; Berman, C; 
Leo-Messina, J.; Rappaport, D.; Wells, K.; et al. Detection of submicroscopic lymph node 
metastases with polymerase chain reaction in patients with malignant melanoma. Ann. Surg. 1994, 
220, 768-774. 

15. Tamura, Y.; Kuroiwa, T.; Kajimoto, Y.; Miki, Y.; Miyatake, S.; Tsuji, M. 
Endoscopic identification and biopsy sampling of an intraventricular malignant glioma using a 5- 
aminolevulinic acid-induced protoporphyrin IX fluorescence imaging system. Technical note. J. 
Neurosurg. 2007, 106, 507-510. 

16. Ray, E.R.; Chatterton, K.; Khan, M.S.; Chandra, A.; Thomas, K.; Dasgupta, P.; O'Brien, T.S. 
Hexylaminolaevulinate fluorescence cystoscopy in patients previously treated with intravesical 
bacille Calmette-Guerin. BJU Int. 2010, 105, 789-794. 

17. Schmidbauer, J.; Witjes, F.; Schmeller, N.; Donat, R.; Susani, M.; Marberger, M. 
Improved detection of urothelial carcinoma in situ with hexaminolevulinate fluorescence 
cystoscopy. J. Urol. 2004, 171, 135-138. 

18. Regula, J.; MacRobert, A.J.; Gorchein, A.; Buonaccorsi, G.A.; Thorpe, S.M.; Spencer, G.M.; 
Hatfield, A.R.; Bown, S.G. Photosensitisation and photodynamic therapy of oesophageal, 
duodenal, and colorectal tumours using 5 aminolaevulinic acid induced protoporphyrin IX — A 
pilot study. Gut 1995, 36, 67-75. 

19. Andersson-Engels, S.; Canti, G.; Cubeddu, R; Eker, C; af Klinteberg, C; Pifferi, A.; Svanberg, K.; 
Svanberg, S.; Taroni, P.; Valentini, G.; et al. Preliminary evaluation of two fluorescence 
imaging methods for the detection and the delineation of basal cell carcinomas of the skin. 
Lasers Surg. Med. 2000, 26, 76-82. 

20. Baumgartner, R.; Huber, R.M.; Schulz, H; Stepp, H.; Rick, K.; Gamarra, F.; Leberig, A.; Roth, C. 
Inhalation of 5 -aminolevulinic acid: A new technique for fluorescence detection of early stage 
lung cancer. J. Photochem. Photobiol. B 1996, 36, 169-174. 



Int. J. Mol. Sci. 2013, 14 



23151 



21. Murayama, Y.; Harada, Y.; Imaizumi, K.; Dai, P.; Nakano, K.; Okamoto, K.; Otsuji, E.; 
Takamatsu, T. Precise detection of lymph node metastases in mouse rectal cancer by using 
5 -aminolevulinic acid. Int. J. Cancer 2009, 125, 2256-2263. 

22. Koizumi, N.; Harada, Y.; Murayama, Y.; Harada, K.; Beika, M.; Yamaoka, Y.; Dai, P.; 
Komatsu, S.; Kubota, T.; Ichikawa, D.; et al. Detection of metastatic lymph nodes using 
5 -aminolevulinic acid in patients with gastric cancer. Ann. Surg. Oncol. 2013, 20, 3541-3548. 

23. Gao, X.; Cui, Y.; Levenson, R.M.; Chung, L.W.; Nie, S. In vivo cancer targeting and imaging 
with semiconductor quantum dots. Nat. Biotechnol. 2004, 22, 969-976. 

24. Urano, Y.; Asanuma, D.; Hama, Y.; Koyama, Y.; Barrett, T.; Kamiya, M.; Nagano, T.; Watanabe, T.; 
Hasegawa, A.; Choyke, P.L.; et al. Selective molecular imaging of viable cancer cells with 
pH-activatable fluorescence probes. Nat. Med. 2009, 15, 104-109. 

25. Luo, S.; Zhang, E.; Su, Y.; Cheng, T.; Shi, C. A review of NIR dyes in cancer targeting and 
imaging. Biomaterials 2011, 32, 7127-7138. 

26. Ogawa, M.; Kosaka, N.; Choyke, P.L.; Kobayashi, H. In vivo molecular imaging of cancer with a 
quenching near-infrared fluorescent probe using conjugates of monoclonal antibodies and 
indocyanine green. Cancer Res. 2009, 69, 1268-1272. 

27. Murayama, Y.; Ichikawa, D.; Koizumi, N.; Komatsu, S.; Shiozaki, A.; Kuriu, Y.; Ikoma, H.; 
Kubota, T.; Nakanishi, M.; Harada, Y.; et al. Staging fluorescence laparoscopy for gastric cancer 
by using 5 -aminolevulinic acid. Anticancer Res. 2012, 32, 5421-5427. 

28. Dalton, J.T.; Yates, C.R.; Yin, D.; Straughn, A.; Marcus, S.L.; Golub, A.L.; Meyer, M.C. 
Clinical pharmacokinetics of 5 -aminolevulinic acid in healthy volunteers and patients at high risk 
for recurrent bladder cancer. J. Pharmacol. Exp. Ther. 2002, 301, 507-512. 

29. Nakano, K; Harada, Y.; Yamaoka, Y.; Miyawaki, K; Imaizumi, K; Takaoka, H.; Nakaoka, M.; 
Wakabayashi, N.; Yoshikawa, T.; Takamatsu, T. Precise analysis of the autofluorescence 
characteristics of rat colon under UVA and violet light excitation. Curr. Pharm. Biotechnol. 2013, 
14, 172-179. 

30. Huang, Z.; Zheng, W.; Xie, S.; Chen, R.; Zeng, H.; McLean, D.I.; Lui, H. Laser-induced 
autofluorescence microscopy of normal and tumor human colonic tissue. Int. J. Oncol. 2004, 24, 
59-63. 

31. Imaizumi, K; Harada, Y.; Wakabayashi, N.; Yamaoka, Y.; Konishi, H.; Dai, P.; Tanaka, H.; 
Takamatsu, T. Dual-wavelength excitation of mucosal autofluorescence for precise detection of 
diminutive colonic adenomas. Gastrointest. Enclose. 2012, 75, 110-117. 

32. Izuishi, K; Tajiri, H.; Fujii, T.; Boku, N; Ohtsu, A.; Ohnishi, T.; Ryu, M.; Kinoshita, T.; Yoshida, S. 
The histological basis of detection of adenoma and cancer in the colon by autofluorescence 
endoscopic imaging. Endoscopy 1999, 31, 511-516. 

33. Stummer, W.; Stepp, H.; Moller, G.; Ehrhardt, A.; Leonhard, M.; Reulen, H.J. 
Technical principles for protoporphyrin-IX-fluorescence guided microsurgical resection of 
malignant glioma tissue. Acta Neurochir. 1998, 140, 995-1000. 

34. Fehr, M.K; Wyss, P.; Tromberg, B.J.; Krasieva, T.; DiSaia, P. J.; Lin, F.; Tadir, Y. 
Selective photosensitizer localization in the human endometrium after intrauterine application of 
5 -aminolevulinic acid. Am. J. Obstet. Gynecol. 1996, 175, 1253-1259. 



Int. J. Mol. Sci. 2013, 14 



23152 



35. Mejia, A.; Waldmana, S.A. Previstage GCC test for staging patients with colorectal cancer. 
Expert Rev. Mol. Diagn. 2008, 8, 571-578. 

36. Tsujimoto, M.; Nakabayashi, K.; Yoshidome, K.; Kaneko, T.; Iwase, T.; Akiyama, F.; Kato, Y.; 
Tsuda, H.; Ueda, S.; Sato, K.; et al. One-step nucleic acid amplification for intraoperative 
detection of lymph node metastasis in breast cancer patients. Clin. Cancer Res. 2007, 13, 
4807-4816. 

37. Le Frere-Belda, M.A.; Bats, A.S.; Gillaizeau, F.; Poulet, B.; Clough, K.B.; Nos, C; Peoc'h, M.; 
Seffert, P.; Bouteille, C; Leroux, A.; et al. Diagnostic performance of one-step nucleic acid 
amplification for intraoperative sentinel node metastasis detection in breast cancer patients. 
Int. J. Cancer 2012, 130, 2377-2386. 

38. Berg, K.; Anholt, FL; Bech, O.; Moan, J. The influence of iron chelators on the accumulation of 
protoporphyrin IX in 5-aminolaevulinic acid-treated cells. Br. J. Cancer 1996, 74, 688-697. 

39. Hryhorenko, E.A.; Rittenhouse-Diakun, K.; Harvey, N.S.; Morgan, J.; Stewart, C.C.; Oseroff, A.R. 
Characterization of endogenous protoporphyrin IX induced by delta-aminolevulinic acid in resting 
and activated peripheral blood lymphocytes by four-color flow cytometry. Photochem. Photobiol. 
1998, 67, 565-572. 

40. Faerden, A.E.; Sjo, O.H.; Bukholm, I.R.; Andersen, S.N.; Svindland, A.; Nesbakken, A.; Bakka, A. 
Lymph node micrometastases and isolated tumor cells influence survival in stage I and II colon 
cancer. Dis. Colon Rectum 2011, 54, 200-206. 

41. Mescoli, C; Albertoni, L.; Pucciarelli, S.; Giacomelli, L.; Russo, V.M.; Fassan, M.; Nitti, D.; 
Rugge, M. Isolated tumor cells in regional lymph nodes as relapse predictors in stage I and II 
colorectal cancer. J. Clin. Oncol. 2012, 30, 965-971. 

42. Rubio, C.A.; Yanagisawa, A.; Kato, Y. Histologic phenotypes of colonic carcinoma in Sweden 
and in Japan. Anticancer Res. 1998, 18, 2649-2655. 

43. Garini, Y.; Young, I.T.; McNamara, G. Spectral imaging: Principles and applications. 
Cytometry A 2006, 69, 735-7 '47. 

44. Metz, C.E.; Pan, X. "Proper" binormal ROC curves: Theory and maximum-likelihood estimation. 
J. Math. Psychol. 1999, 43, 1-33. 



© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.Org/licenses/by/3.0/). 



